
to DNA 4066F

SSTRESS-GAGE SYSTEM FOR THE MEGABAR
0(100 GPa) RANGE

~Stanford Research Institute

333 Ravenswood Avenue

Menlo Park, California 94025

June 1976

Final Report for Period 13 August 1974-16 March 1976

CONTRACT No. DNA 001-75-C-0029

IAPPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.I

THIS WORK SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE B3447542 AJI AAXSX35220 H25900.

Prepared forD C
Director
DEFENSE NUCLEAR AGENCY U; FEB 14 19" Fr

S Washington, D. C. 20305
aUAI1.U
B



Destroy this report when it is no longer
needed. Do not return to sender.

off.



UNCLASSIFIED
SECUR 1r LSSIFICATO0N OF THIS PAGE (Who,, Date, Fnf,,,d)

REPOR DOUMNTTIN AG EADI~'t. TIN

STRESS3-GAGE SYSTEM FOR THE MEGABAR (16,6 Ga) 13 Aug 741 Mr7

P. S. De Carli, Author

W~~~. ~A. L. Whitson, D. D. Keough, D. R. Curran______________

11. CONTROLLING OPFICe NAME AMC) ACGQRESSE

DirectorJune *076
Defense Nuclear Agency m-WO AE
W shin-'ton. D.C8.

P. /eCa It, D* C./Erlichp L. UNCLAHSIFIE
~- Pi ,O , 01"Rob?) r hto 5 A4

Approved for public rol iti; dlitribution unlimitud.

I? W$046 IlON 41 AffugN? e00"4A ahggwe 0010#04i to I#10*6 JO. 0I d0iff"I t#0 #"Ao)

Thiti work Blonaored by thao Defoluent flu r Agoucy under RIU4$ Code

. . ~li)h462 Jius n M X3?ozi~9O.

M*Au~u in Cuj~sRa4ftt&inn OV,,o Cal ibratilon
Ne abah~r ftremn th.igi ~M, ~1I tard of' tangiuift cagei
N ututL-1n1uagt~ic Ia.wtlelo Ve1oocty 0440o aytem
I UU y IP t)ebrin o UPl.fi Ejtimot

- -Aphe uxuINI'g-'er of~ tho mw~zus*dt piome itive aireas tulduor Van

*~~~~~~~ .. tmkt~,*~h joa' pobleft oeountered vaoi a tuig or the gut, w utu
b * ty the Ineroutied oeevteea conutivlty of imiulators tit Iiish ah~ock oteuu
The el'feet or :iutu it ii1e hhoa~ u o y-1ov impediarw' (U.05 to

0.504 ej . U~~d aed luid througheretul utntion t~o gue ihery. loalt 4wxud ,,

0j D D 147) moiloo. or I sov 66 * oUNLAo1iP ll



UNCLASSIFIED4. SECURITY CLASSIFICATI"N OF TMIS PAGERWimn Veto Mitered)

20. ABSTRACT (Continued)

between about 25 and about 125 GPa. The results of' earlier work, calibrations
to 145 GPa, are critically reviewed. All of' the reliable data on the dynamic
pie .oresistance of' manganin can be fitted by the piecewise calibration curve*,

iQ -OPa-(A...ER) 0 1.2Q O /R (ARB)2, P -c 2 GPa

P = 35 G~~A/- -- 2~--GPa, P < 15 GPa
0

4& ffaPJ4flIR) 5.6 GPa, P .115 GF4

prototype high-stress mutual-inductance particle velocity gage was designed
and tested. Six manganin gages, one background (unpowered manganin) gage, and
one aluminum preheat temperature gage were fielded in the Debris Coupling
Experimuent of the HIusky Pup nuclear event. Despite power supply f'ailure,
attributed to preshot flooding of the instrumentation alcove, excellent time-
of-arrival data were obtained. These data disagree by about a factor of two
with preshot predictions of shock-wave propagation in the Debris Coupling
Experiment.
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SUMMARY

The megabar (100 GPa) stress-gage work presented here was proposed

in response to the Defense Nuclear Agency's need for the capability of

making close-in free-field stress measurements in underground nuclear

tests. In a previous DNA program under Contract No. DNAO0l-73-C-0225,

vw had determined that the piezoresistive response of manganin extended

Into the megabar range and that the problems of gage insulation and gage

survivability were surmountable.

The present program consisted of five tasks:

(1) Design, construct, and test manganin gage packages that are

adaptable to field use at very high stresses.

(2) Determine the effects of gage package and fabrication

techniques on the response of the gage to stress above

40 GP (400 kbar).

(3) Calibrate the otanganin gage, for loading and releasoover.

the stress range extending f rm about 40 OPa to 1 00 Oft.

()Design andi construct a mutual-inductance, particle velocity

gage suitable for the high-stres4 region.

F5 ield six wanganin gages in-the debris coupling experiment.

*of the Husky Puls nuclear event.

-.. All of thee* tasks have been Completed Successfully.. Manganin gage

pacekges suitable, for both laboratory and field use were, tested over th.

stress range -to 125 GP&,: - i&Wng and release calibration data for,

W_.mangimin wek'e obtained over the stress range between about 25 and about:

125 CWa. A prototype high-stress moutual-induatance particle velooity .

gage was designed and tested. 'Sig active aanganin Sages, one background

(wapowered aani gg, nae preheat 'teveroature gage wo fielded

in 4ueyPu



In Husky Pup, the gage power supplies failed to operate (probably

the result of preshot flooding of the alcove), but excellent time-of-

arrival data were nevertheless obtained. A major conclusion from this

experiment is that manganin gages are suitable for use in close-in

measurements in the underground nuclear test environment.

Section 11 presents some general background material relevant to

the use of laboratory ilugoniot data in computational predictions of

material response to stress waves. Section III covers prestat work on

the high-stress (to 125 OPa) calibration of manganin and also reviews

previous work on manganin calibration below 40 OPa. Section IV is

devoted to the mutual-inductance particle velocity gage. The Hlusky Pup

Debris Coupling experiment Is discussed in Section V. This section also

* includes results of laboratory measurements (granite conductivity at

high shock strosseb, response of: in-granite gaig.., and response of

utanlift gage system to simulated EUP environment).that were made In

support of Husky Pup.. Appendix A Is a brief -description -of all of the

laboratory siaocka-wvuv expuriments. performed on this contract.



PREFACE

Lee Hall was responsible for all instrumentation work, including

the design of the Husky Pup power supplies. James Dempster constructed

the gage calibration assemblies and provided design assistance. Jim

Yost, Darwin Henley, Frank Galimba, Ken Mock, Curt Benson, and Nick.

Pianca assisted with the experiments. Art Whitson and Rob Bly provided

advice on EMP hardening of the gage system. Donald Curran, Carl Petersen

(now at SSS) and D~oug Keough wore responsible for technical supervision

of the project. Cnptain Jerry Stockton monitored the.1114sky.Pup phase

of the program; the gage development work was monitored by Col., Dan.
Burgess and Mr. Thomas Kennedy. Dr. Rey Shwik of SAl was a very

* consta'uctive critic of the gage development work.

We are particularly indebted to Al Bartlett for his long hour s of

*careful work in fabricating and assembling the Hiusky Pup granite cores.
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CONVERSION FACTORS FOR U.S. CUSTOMARY TO mtETRiC (SI) UNITS OF MEASt1REMFNT

To Convert From To Hultiply By

ang.st roi meters (0) 1 .000 000 Y E - to
atmosphere Inormal) kilo pascal (kl'a) 1.013 25 X F +2

bar kilo Tascal (kPa) 1.000 000 X E +2
barn meter (m

2
) 1.000 000 X E -28

British ther-nat 1 nit (thermochemical) JouIle (J) 1.054 350 X E +3

calorie (thermochemical ) joille (J) 4.184 000

c.11 (therrjoclemicanl ) cm
2  mega joule/m

2 (MJ/m2
) 4.184 000 x E -2

curie gigs becquerel (Gliq)" 3.700 000 X E 4-I

degree (angle) radian (rad) 1.745 329 X E -2

degree Fahrenheit degree kelvin (K) tk z (t-f + 459.67)1.8

electron volt joule (J) 1.602 19 X E -19

erg Joule (J) 1.000 000 x V -7

erg second watt (W) 1.000 000 X E -7

foot meter (m) 3.048 000 x E -I
foot-pound-force joule (M) 1.355 818

gailoo (U.S. liquid) meter
3 (, 3 ) 3.785 412 X E -3

inch meter (W) 2.540 000 X E -2

Jerk Joule (M) 1.000 000 X r +9
lottlekilogram (J/kg) (radiation dose

absorbel) (ray (Gy) 1.000 000

ki Itonts terajou les 4.183

kip (1000 lbf) newton N) 4.448 222 X E +3

kip Inch2 
(ksi) kilo pascal (kiln) 6.894 757 XE K+3

ktap newton-second/m2(N-s/m
2
) 1.000 000 X E +2

micron meter (M) 1.000 000 X E -6
mil meter (in) 2.54 000 X E -5

mile (nternatioal) meter (m) 1.609 344 X E +3

ounce kilogram (kg) 2.834 952 x E -2

pound-force (lbf avoirdupols) newton (N) 4.448 222

pound-force inch newton-meter (N-m) 1.129 848 X E -1

pound-force'inch newton/meter (N-m) 1.751 268 X K +2

poind-force foot
2  

kilo pascal (kPa) 4.788 026 X E -2

pound-force inch 2 
(psi) kilo pascal (kP.,) 6.894 757

pnond-ninss (Ibm avoirdupois) kilogram (kg) 4.535 924 X E -1

pound-maps-foot
2 

(moment of inertia) kilogram-meter
2
(kg/m

2
) 4.214 Ol X E -2

pound-mass foot
3  

khlogram/meter
3
(kftm

3
) 1.601 845 X Z +1

rad (radiation dose absorbed) Gray (Gy)f 1.000 000 X Z -2
roentgen coulomb,/kilosram (C/kl) 2.579 760 X 3 -4
shake second (a) 1.000 000 X 9 -8
slug kilogram (kg) 1.459 390 X E +1
torr (mm lith, 0C) kilo pascal (kPa) 1.333 22 X 8 -1

The becquerel (1(q) Is the $I unit of radioactivityl I Bq I ievent/*.
The G;ray (Gv) is the It unit of absorbed radiation.
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I BACKGROUN)

During the past 20 years, computer codies for the prediction of

shock-wave propagation in solids have become increasingly complex and

sophisticated, as have experimental techniques for the measurement of

shock-wave propagation. In the early 1950s the fundamental assumption

of the computational models was that solid behavior could be treated as

hydrodynamlc--i.e., material strength effects were not important in the

high-st ress region.

Theo essenitial input data for the computations were obtained by

rear-surface measurements of shock velocity and free surface velocity of

it material in laboratory shock-wave experiments. With the aid of a few

assumptions and the application of the conservation laws, cachi pair of

shock-velocity/free-surface velocity points maps onto a point tin the

pressure-volume plano. Tito locus of states tit the pressure-volume plaute

(or the eq~uivalent prossure-particle vol",ity planeo) that can be reached

by shock compressioni of a material (from it givatn initfal state) is cAlled

the Utiuntiot equation of state, or. simply, the Iflugotiot.

Bly the aarly 19630s, the inadetjoavy of the hydrodynamic model Wa4I

been conclus~vely demonstrated by the results of woll-dvaignied one-

dimorvional sftook-vua proialzation expaJritaentw on-mtals; the hydrodynamic

model predirtod very much lower attentuation rates~ than were observed.

Will, 11W. (lvelopment of improved stross-tove Utneratitig techniques, higher-

resolution rear-surface measurements, wA41 xost reently, in-terial

atrest andl particle Velocity transdueers, ptvgressively mor. refitted

computational modol& could be tested. tt graiurAlly tWeaMV .pparftt thAt

the prpagation of stress waves to a solid to a complex phcoomwon thut

cAn We mam1elot accurately only when all of the Importanit cooplexities of

actuttl material behavior are Incorporated ito the audel. Tito realizta-

tion of this complexity Nis lod to the use of the 11toeral term -stresS

*ave* In place of "shook Wtave," which implies aarrowly restricted material

b~haviot



j At present, there exist a variety of computer codes capable of

predicting with satisfactory accuracy the outcome of both one-dimensional

and two-dimensional laboratory wave-propagation experiments with various

metals. The common element in the successful predictions has been the

development and incorporation into the computation of sufficiently

accurate and comprehensive constitutive relations (a dynamic stress-

volume-energy equation of state).

These material-speciic constitutive relations quantitatively

account for the effects on stres&-wave propagation of detailed material

response including yielding, plastic flow, work-hardening, fracture

(including the stress-time dependence of xhe nucleation and growth of

fracture), stress relaxation, 11auschinger effect, heating, and cooling.

The constitutive relations are based on Hugoniot measurements, static

high-pressure measurenents, tests of mechanical properties at various

strain rates, thermodynamic measurements ant calculations, dynamic

fracture experiments, elasticity theory, considerations of dislocation

dynamics, and any other relevant data or theories that are neodwi and

availubli,.

The development of accurate constitutive ielations for metals

required extensive collaboration aiong shook-wave physicists, solid-

state physicists, physical and mechanical metallurgists, computer code

specialists, and other. Rapid progress became possibly only when the

various specialists learned to commtuicato with one another.

One may presume that, at least in principle, the compUtational

aspects of predicting the effects of nuclear explosiots In geologic

media are well understood. The heart of the prediction problem therefore

appears to be the demonstrable inadequacy of present knowledge of con-

atitutive relations for the geologic media of Interest.

m S



It is perhaps misleading to define the constitutive relations as

a dynamic stress-volume-energy equation of state. Indeed, use of the

term "constitutive relations" is one way of avoiding the implication

that the states of interest are path-independent, thermodynamically

equilibrated states. It might be better to state that the constitutive

relations are a detailed description of the response of a material to

stress waves. A bare bones set of constitutive relations for a wave

propagation calculation could be constructed from a set of compression

and release paths covering the stress-time range of interest.

FThe variety of possible compression and release paths for geologic

media is illustrated in the following examples. Assume the geologic

medium to be a compact monomineralic rock composed of a mineral known

to undergo a phase transition at high quasi-static pressures. The

equilibrium stress-volume behavior of this material is schematically

depicted by the solid line in Figure l(a); the dashed lines represent

metastable compression curves for phase I and phase II. Figures l(b),

1(c), and l(d) depict some possible responses of this material to stress-

wave compression and release.

Figure l(b) illustrates metastable response. The compression path

is the Rayleigh line connecting the initial state (0o, V ) with tht
0 0

state (1 ) on the metastable extension of the phase I compression

curve. The release path is the phase I isentrope. This type of response

is experimentally observed for quartz single crystals and for compact

quartzite loaded to peak stresses within the stability field of coesito.

Figure l(c) illustrates rapid (somewhat overdriven) phase transition

behavior. A double shook forms in the material; the compression path in

from the initial state (Cp V ) to a state (r V ) on the metastable
p 0 2 2 ntemtsal

extension of the compression curve of phase I and, in the second shook,

from (02, V ) to the state (%3 V3) on the compression curve of phase II,2V

AB
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* (00, V1)

(EQUIIBRIUM STRESS-VOLUME (b), MEATAL 0ESOS

03' VE3)S al. RES)OS

(ca. V I

(02, 

V2
)

V V
4c) RAPD PKASE TRAIION B11AV104 (d) TIDI-011NOUNT PHAS TRAWSTIO4

84HAVIOR
MJA-314563-14

FIGURE I EXAMPLES OF POSSIBLE COMPRESSION AND RELEASEL OATHS
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The release path is along the isentrope of phase 11 down to a state

(04. V ) in the stability field of phase I and thence to the initial
P ~4

state, This general type of behavior has recently been observed for
2

quartzite and feldspar loaded to peak stresses of about 50 GPa.

Figure 1(d) illustrates time-dependent phase transition behavior

in response to a stress pulse of relatively long duration--e.g., 10 sec.

*The initial compression path is to the state (0a V )on the metastable

* compression curve of phase 1. As the transformation proceeds, the mate-

rial relaxes towards the state (CJ , V ) on the compression curve of
55

phase 11. The stress is relieved and the material expands along the

isentrope of phase 11 down to zero stress before transforming back to

phase 1. There is a hint of this general type of behavior, on a micro-

second time scale, in recent Lagrangian gage measurements of the response
3

of dolomite. however, one can argue that this type of behavior should

be f;tirly common on a millisecond time scale at high stresses (and con-

comitant high temperatures), invoking extrapolations of sparse static

high-pressure phase-transition-rate data.

The three examples, Figure IMb, (c), and (d), of material response

were presented in order of their effect on stress-wave attenuation, If

one recalls that tho area enclosed by the compression and release paths

is the internal entergy increase of the mterial, one need not Invoke

the details of rarefaction wave propagation to realize that the stressI wave would be much more attenuated by a material responding as in
Figure 1(d) thtan by a, material responding as in Figure 1(b).

Present coiistitUtive models of silicate behavior at high stresses

are based largely on flUgoniot data derived from rear-surface measure-

sonts made over the past 20 years. Rear-surfaco measurements are subject

to largo experimental uncertainties and ambiguities of Interpretation If

*the matoriul response its compalicated by phase transitions. These

V1 q



I.:

4 limitations of rear-surface measurements have been largely circumvented

by the recent development of in-material gages to measure stress and

particle velocity. Lagrangian analysis of properly designed in-material

gage experiments permits determination of complete compression and

release paths, even for a material that undergoes dynamic phase transi-

tions. In contrast to rear-surface measurements, Lagrangian analysis

of in-material gage experiments does not require any assumptions of

material response or of steady wave behavior, although one does require

suitable stress and/or particle velocity gages.

Prior to the present work, experiments with in-material stress

gages were limited to the region below 50 GPa and calibration data

were available only for the region below 40 GPa. One of the objectives

of the research presented here was to develop and calibrate a technique

for the measurement of stress-wave profiles over the range to 100 GPa.

This objective has been achieved, with the extension of the range of

the manganin stress transducer to approximately 125 Pa. Using a

Lagrangian array of in-material gages, we have measured t phase transi-

tion behavior of granite at a peak shock stress of 80 OPa. Tentatively,

we infer that previous Hugoniot measurements do not accurately describe

the respone ot granite in the stress region above about 50 GPa.

12
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II THE MANGANIN PIEZORESISTANT DYNAMIC STRESS TRANSDUCER

Review of Earlier Work--Calibrations to 40 GPa

Manganin, an alloy nominally of 84% Cu, 12% Mn, and 4% Ni, was

4
first used as a hydrostatic pressure transducer by Bridgman in 1911.

It must be noted, however, that Bridgman credits Lissel with the first

accurate measurements of the piezoresistivity of manganin and with the

5
suggestion that manganin be used as a pressure transducer. In 1962,

Fuller and Price reported measurements of the dynamic piezoresistance

6 7
of manganin, and in 1964, Bernstein and Keough reported on their

development of the manganin dynamic stress transducer. Since that time,

manganin gages have become widely used, both as in-material gages and

as rear-surface gages, to instrument stress-wave experiments.

As an in-material gage, the manganin transducer is imbedded in the

material under investigation. Insulation layers, necessary if the

material is an electrical conductor, are made as thin as possible in

order to permit the transducer to rapidly achieve stress equilibrium

with the material. The rear-surface gage consists of a mangartin

transducer imbedded in an insulator of known shock properties. This

gage is bonded to the rear surface of the material under investigation.

The stress response of this material is inferred from measurements of

the stress wave transmitted into the insulator.

It has been stated that the reproducibility of manganin stress-
8

wave measurements is about 20%; this statement was apparently based

on the disagreement between the Fuller and Price results and the'I
Bernstein and Keough results. However, one must recognize that accuracy

was not a prime consideration in some of the exploratory studies of the

dynamic response of manganin. More recent results Indicate that theI .dynayaic piezoresistance of anganin is highly reproducible and that

interlaboratory agresent is excellent, at least over the caretully

studied stress range of 2 to 15 (Wa.

13
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AOver the stress range of 2 to 15 GPa, Barsis et al. measured a

dynamic piezoresistance coefficient for manganin of 2.9%/GPa. Stresses

were produced by plate impact, resulting in flat-topped stress waves,

and their claim of 1% accuracy in stress measurement appears Justified.

Their gages were 50-ohm grids, chemically milled from Driver-Harris

shunt manganin foil (10 wt% Mn, 3.5 wt% Ni, balance Cu). The gages had

a sufficiently high resistance to permit accurate two-terminal measure-

ments, and their measurement technique (the gage formed one leg of a

Wheatstone bridge) cannot be faulted. They do not so state, but one

may infer from their paper that the reproducibility of their stress-

resistance values was within about h 3%. Over the stress range of 0 to

2 GPa, their data indicate that the dynamic piezoresistance coefficient

increases from about 2.4%/GPa (the hydrostatic value) to 2.9%/GPa.

10
Lee has also made accurate measurements of the piezoresistance

of manganin over the stress range of 0 to 10 GPa. His measurements

were made on I-ohm four-terminal gages made from Driver-Harris wire

(12 wt%, Mu, 4 wt% Ni, balance Cu) imbedded in epoxy. Despite differences

in gage construction, manganin composition, and meLsurement techniques,

L's results were virtually identical with those obtained by Barsis et

al. Lee's stress measurements (of flat-topped stress waves) appear to

have been accurate to within 1%, and his relative resistance measurements

were apparently of similar accuracy, except at stresses below 2 OPa,

whore one may infer possible errors of 5%. Lee fitted his data with a

I cumbersome fourth-order polynomial that is valid only over the range of

0 to 10 Us. Over the range of 2 to 10 GPa, however, his data fit a

} linear coefficient of 2.9%/GPa.

Fuller and Price initially reported a such lower dynamic coefficient

of 2. 1/GP* for two-terminal 3-ohm wire gages in epoxy. On the basis of'.

improved Hugonlot data gor the epoxy, they subsequently revised the

ooeffioent upward to about 2.4%/GPa.l1 However, they used explosive-in-

14
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contact geometries to produce triangular, rapidly attenuating stress

waves and inferred stress from shock velocity measurements. Unless

adequate corrections are made for attenuation, this procedure leads to

an overestimate of stress. One may infer that errors in stress measure-

ment, together with errors in two-terminal resistance measurement, art)

adequate to account for the discrepancy between their results and more

recent results.

Keough and his co-workers have made numerous four-terminal measure-

ments of the dynamic piezoresistance of manganin in various insulators

over the stress range of 0 to 36 GPa2 '1 They found no essential

differences between the response of wire gages (12 wt% Mn) and the

response of gages photo'thed from shunt manganin foil (10 wt% Mn) at

stresses above the !;.aulator Hugoniot elastic limit (TIEL). At stresses

below the insulator JIEL, wire gages in Lucalox (fully dense Al2 03 c~m

had an anomalously high resistance change, relative to foil results,

Ithat was attributed to the effects of wire defomiat ion. Keough fitted

his data to a-voeflicient of 2.9%/GPa over the range of'0 to 17 opa.

Hiferntralte Ms ZZZ:Z-res data in terms ofa dcecrease lii .the

t.ie ipntpret reitac coefficitnt t bu . -Gaoe h

strss ragebetween 17 and 36 GPa. Keough used both plate-impact

(flat-toped stress waves) and. explosivb-in-oontact (triangular stress

waves) in his calibration experiaiints, and tho accuracy of his stress

measurements rahnecj f row about 1% for the best plate-impact experiments'

to cbout 10% for some of the explosive-in-contact experiments. It

should Ue niot ed that Ieough did -no~t make extensive measuraments in the

. strs range pelow 2 GOft he uiipl extrapolated."his highor streis

rsults ~iwwr.At least dor* the ranlge of 2 to 15 GPAO the. results

Keough'and. cowork~n'a appear confir'med by the subsequent stuidies of

e *and of Barsiq St &l. 7,Tbo Pootter i4- Keough s resulte is largely.

-dimeri bbl -to errors 4n stass measuemnt and 'touncertainties In the
insulator litgonots4
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The piezoresistance of manganin has been less intensively studied

da , in the stress range obove 15 OPa. Possible errors in the Fuller and

Price studies, which extend to 30 GPa, have already been noted. Dremin

and Kanel 14made two-terminal measurements of the response of 1-ohm

manganin gages over the stress range of 10 to 45 GPa. They do not

estimate the accuracy of their measurements; one may infer possible

10% errors in stress determination inherent in their use of "standard"

explosive-in-contact geometries.

15
Lyle et al. measured the dynamic piezoresistance of manganin in

six experiments, over the range of 7.7 to 39 OPa. Their stress dotermixia-

tions, based on flat-plate impact velocities, are inferred to have been

accurate to within at lat%.However, their two-terminal resistance

measurements of 7-ohm, gages may have been of lower accuracy. Their data

* for the experiments at stresses below 17 GPa imply a piezoresistanco

coefficient of 2.77%/GPa, which is significantly less than the value of

*2.9%/GPa cited above. Their data above 17 GPa progressively diverge

from Keough's results, although they do support Keough's inforence of

a decrease in the differential piezoresistive coefficient of mantaain,

Lyle ot al. measured a resistance increase of. 98% at 39.2 Ga; if oneJ

* extrapoates Keuh's, calibration from 36 Oft, a 9%rostanei es

woul4 correspond to"- -sgtress of about 46 OPa. It must benoted that

most of Kootih's measurements above 1? OWa were exploratory in nature;

accorac of stress detrminattohi was not a prime consideration. On

the other hand4 the major uncertainty in:th* 4yle at: a. twbi-terminal

measuement is te chage inlead rosstance at hiigh *o~srse

At 40 Clfa, the calculated ifugontat temperature .of their--copper leads-Is

-about, $0Q corresponding.: -to..a doubling of the :20 -V Initial lead
resistance. 040 ol xec na~tpaliceet~ lead reosistance

'~eto lattice defocts -Sifteraed in shook- copesicn *and further

cbavgew i ad resistance I uldtO ca-used byl4stretog ue to

Aeads~~ Aehg
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It must be noted that the dynamic calibrations of manganin are

based on the response of manganin to a peak stress and are not neces-

sarily relevant to the response of manganin upon subsequent stress

release. Keough has noted an apparent hysteresis in the unloading

piezoresistive response of manganin; the final resistance of a gage

after a loading-unloading cycle is higher than the initial resistance.

The magnitude of this "permanent" resistance increase ranged from 2%/ of

the initial resistance after a O-to-6-to-O GPa cycle to about 7% after

a 0-to-15-to-O GPa cycle. Limited calibration data obtained in step-

release experiments, however, indicated that the piezoresistive behavior

of manganin during release appears to be linear. Barsis et al. also

noted that their gages failed to return to initial resistance values

after stress release, and suggested that mechanical damage was the cause.

Barsis et al. 9 and Rosenberg et al. 1 have observed that the dynamic

piezoresistance of manganin is significantly decreased by prior cold

work (50% reduction in thickness by rolling). Rosenberg et al. also

noted that the hysteresis is decreased as a result of the cold work.

Both groups found that the original piezoresistance was regained by

IC annealing.

Present Work--Calibration to 125 OPa, (1250 kbar) and Unloading Data

The material used in the present study was 0.001-inch-thick

(0.025 mm) manganin foil shunt stock from the Driver-Harris Company,

Uarrison, New Jersey. This material has a nominal composition of 86% Cu,

10% Mn, 4% Ni, and Is from the same roll as the material studied by

Keough and Wong. All measurements were made with four-terminal gages

having aspect ratios (width-to-thickness) of at least 20:1 in order to

minimize possible two-dimensional flow effects. The gage is bonded

between plates of insulatlng material to form a gage package that is

bonded to the rear surface of a metal base plate.

17
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It must be noted that the details of manganin gage construction and

packaging are crucial to successful operation in the stress range above

about 45 GPa. Many of the insulators commonly used in gage package

construction become fairly good electrical conductors at very high shock

stresses, The gage package design that evolved in the course of the

present study is illustrated in Figure 2. The manganin gage element is

bonded between plates of a material known to remain a good insulator at

high shock stresses. Fully dense Al 0 ceramics and fused silica were
2 3

found to meet this requirement. The insulators and gago element must

be-bonded; elimination of trapped ai7 that would ionize under shock con-

pression is more important than mechanical strength, After some experi-

mentation, we adopted a standard bonding medium of type 1100 Homalite

epoxy, loaded with 31 wt% 0.3-Wim Of-Al 0 powder. The Al 0 loading
2 3 2 3

appears to result in a somewhat higher resistivity, relative to unloaded

epoxy, at high shock stresses, but it must be emphasized that the resist-

ivity of even the loaded epoxy becomes quite low,. of the order of one

ohm-cm, 'at shock stresses near 100 GPa. Therefore it is important to

minimize the area of the. shunt path through the loaded epoxy by making

the bond layer as thin as possible. Typical bond layer thicknesses

achieved were 0.033 m, including the O.025-ma-thlok gage element. (The

31 wt% loading of Al203 was the highest loading compatible with minimum

bond-layer -thickness.) The length of the shunt path through the epoxy

is maximized by the geometry of*th. gage element, and the relative

effect of shunting Is reduced by using gage of very-low-lmpedan::,

SA flat-topped 9hoch wave isproduced by the impact of an explosively
accelerated mtal flyer plate on',tho •base plate. Since the 11ugontots

of the flyer-plate mterial and the base-plate material are known, the

shock str ess in the base pltae can be determined by a single measurement,

either of flyer-plat. impact velocity, 'of shock velocity in the base

plate, .or of tree surface.:veloc~ty of the base plate. In most of the

.,f i, onN-."'l

K- '' R M .
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FIGURE 2 MANOANIN GAGE PACKAGE DESIGN
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present experiments, coaxial self-shorting pins were used to measure

all three quantities and to measure the planarity of flyer-plate impact.

In general, these three independent measurements of base-plate stress

agreed within 5% or better. In a few experiments, because of either

oscilloscope malfunction or a faulty pin, only free-surface-velocity

measurements were obtained. For these experiments our worst-case

estimate of the accuracy of base-platV 4tress measurement is E 10%.

The stress in the manganin gage package is determined by impedance

matching at the base-plate gage-package interface, using available

Hugoniot data. With one exception, a fused silica gage package, Vistal

(a fully dense Al203 ceramic) was used as the gage package material in

the calibration experiments.

Z Although no Hugoniot measurements have been reported for Vistal,

per so, one may note that Ifugoniot measuremets have been reported for

single-crystal Al 0 and for various Al 0 ceramics over the stress
2 3 2 3

range of present interest. Since the single-crystal data and ceramic

data are identical within experimental error (in the pressure-voluae

plane), we feel safe in presuming that the single-crystal Hiugoniot

adequately represents the Vistal Hugoniot.

The base-plate materials used were OFHC copper and 2024 T-6

.alminm, chosen because their Ilugoniots are very well determined. The

release adiabat of copper was assumed to be identical with the Hugontot,

in order to calculate the stress transmitted into Vistal or fused-quarta

ge packages. Experimental data on copper free-surface velocities

indicate that, at worst, this assumption would lead to only a 2% error

in calculated gage package stress. In calculating the stress transmitted

into Vistal ftrm af aluminum base plat,- we approximated the reflected

shock Ilugoniot of alupinum by the single shock liugooiot.. Calculations

eCs, Corp., Golden, Colo.
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of internal energy differences between reflected shock states and

single shock states in aluminum, together with available P-V-E equation-

of-state data obtained from shock experiments with porous Al samples,

indicate that this approximation introduces an error of less than 2% in

calculated stress.

Ini some axperiments, the gage packages wele backed by a lower-

impedance material to provide a step release to an intermediate stress,

calculated by assuming the release adiabat of the gage package material

to be identical with its fHugoniot. Since Al 0 is relatively incompress-2 3

ible and is experimentally found to undergo no phase transitions over

the stress range of intereot, this assumption is reasonable for Vistal

gage packages. Fused quartz is highly compressible and is believed to

undergo a phase transition; the release adiabat is expected to differ

significantly from the flugoniot. In the ubsence of accurate experimental

data, we can only bracket the range of possible fused-quartz release

adiabats by extreme assumptions of material behavior during release.

T ~ The measurement syste used was essentially Identical with the

system used by Keough and Wong. A constant current is passed through

the four-terminal manganin gage and the voltage across the central portiton

between the voltage leads io monitored by a camera-equipped oscilloscope.
The power supply consists basically of a 90-Wi capacitor (charged to

500 V) -in series with a ballast resistor, a silicon-controlled rectifier

(8CR) switch, and the gage. In an experimental mneasurement, tho power

supply is triggered 5 to 80 ~.prior to shock-wavo arrival at the gage.

The Initial ciarront" step through the gage tor recorded as a voltage step,

proportional to the gage ruvistance. The ch~ange io gage resistancefupon shock wave %rrival appears as an additional voltage step on the

oscilloscope record. The ratio of resistance change, A R to initial

r*91steanc 2 can be deterained from the measured voltage ratio

AV/v 1 Corrected for the effects- of changing lead meld gage, rosistances

21
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and for any decay of capacitor voltage over the period of measurement.

In the present experiments these corrections amount to less than 1%

and can be ignored.

Ideally, the voltage ratio A V/V (and therefore the resistance
0

ratio b R/H 0 ) can be determined to an accuracy of about 1%, limited

primarily by oscilloscope linearity. Biecause of the exploratory nature

of the present experiments, optimal instrumentation conditions wcre

not predictable, and the accuracy of A V/,V0 measurement was somewhat

lower, but generally within about 3%.

The major source of error and the major problem associated with

the use of manganin gages at very high shock stresses is shunting

caused by the development of substantial electrical conductivity in

shock-compressed insulators. In the present work we Itave attempted to

minisine the shunting effect by careful attention to gage geometry and

construction and by using gages of very low Impedance (0.15 ahm). This

to contrasted with the usual pructice of utting 1-to 10-ohm gages in four-

tesuinal mewouteeiats and l0-to-50-ohis gages it two-terminal measurements,

A near-Ideal ga#e record (0.15-ohs go#e in Vistal) at 80 ' -(Wa to

reproduced In Figure 3. Tits voltage-versus-time profile. eorresponids in.

shave and duration to the strtsverous-tine profile calculatod frtom the

tlyor-plato Impact paraineters. Figures 4,5,8 and 7 aro gage renords of

tl:&- -topped 100-U14 stress waves, shoing th*e ffecots of progressivo

isrniovemte in gage design. The 1.5-ohm-gage record (Pigure 4) is

virtually useless except of an Iidication of stressewave time of arrival.

R~eduction of gage impedance 'to 0.15 ohm (Figure 5) resulted in a substantial

imptovemt. Although the SaSs profile is not flat-topped, the draop

Could be Interpreted as the. result of the prorreive Inertiase In the

or". of the shunt path 0nt~o shock propagated througI.. the gage package.
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Fillustrates the results of improvements in gage geometry

and construction, with a 0.15-ohm gage of the type used in most of the

present calibration experiments, as illustrated in Figure 2. Another

difference in the gages of Figures 4 and 5 was the use of Vistal instead

of Lucalox as the gage package material. However, since the two mate-

rials are similar, fully dense, Al203 ceramics differing only in grain

size, one would not expect them to differ significantly in electrical

conductivity at high shock stresses. The gage package of Figure 6 was

backed by aluminum in order to obtain a step release to approximately

71 GPa. The correspondence between the observed voltage-versus-time

profile and the predicted stress-versus-time profile is greatly improved,

in comparison with the record of Figure 5. The presence of the spike

on stress-wave arrival and the deviation from flatness of both the stress

peak and the release step are evidence that shunting has not been con-

pletely eliminated.

Further improvement in the fidelity of the manganin gage response

was attempted via reduction of gage impedance to 0.05 ohm (Figure 7).

Although this record is noisy, one can observe that the relative resist-

ance change is about 10% larger than was observed with the 0.15-ohm gage

at the same stress of 100 GPa. One may deduce from the shape of the peak

j that shunting similar in character to that of Figure 6 is still present.

Since the 0.15-ohm and 0.05-ohn gages were geometrically similar,

one can calculate an average resistance of about 10 ohms for the shunt

*path through the insulator at 100 OPa. Since the gage current leads

are manganin and since they also change resistance upon shock arrival,

it is appropriate to base this calculation on the two-terminal resistance

of the gage, measured across the current-carrying region tn the gage

plane, These values are 0.4 ohm (for the 0,15-ohm gage) sad 0.1 ohm

(for the 0.05-o gage).

.18
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The results of the calibration experiments are listed in Table 1.

The raw resistance ratios are based on measurements of the flat portion

of the voltage peak, and we also include the ratio determined from the

height of the initial spike, where present. In one experiment, a gap in

the oscilloscope trace is noted. It is presumed that the gap was due to

a voltage excursion (an initial spike) that exceeded the recording capa-

bility of the oscilloscope camera. The corrected resistance ratios listed

in Table I reflect estimates of both measurement errors and the magnitude

of the shunting correction for each experiment. In estimating the shunting

correction, we have taken into account the presence and amplitude of

initial spikes, the correction at 100 GPa inferred from experiments with

gages of different impedance, and the correspondence between observed

voltage-versus-time records and calculated stress-versus-time profiles.

The present results, some of Keough's higher-stress data, the 2-to-

15-GPa calibration line, and the results of Lyle et al. are plotted in

Figure 8. Over the stress range of 15-to-125 GPa, the response of

manganin appears to be linear, within the accuracy of the experiments,

and both loading and unloading data can be fitted by a piezoresistance

coefficient (over the stated range) of about 2.1% (E 0.2)/OPa. If one

* excludes the apparently complex region below 2 GPa, all of the reliable

data on the dynamic piezoresistance of manganin can be adequately fitted

by the two-pice linear calibration curve:

35OPa (R/R) 2 GPA P 15 Pa
0 

..48OPa I R/R ) -56 sPa, P k 5GPa
0

The dataof .Barsis et al. and of Lee an the response of manganin

below 2 GPa can then be adequately fitted by a second-order polynomial:

P 42 OPa R/Rl 120 GPa A R/R P < 2 Pa
0 0
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For the dynamic loading regime, the accuracy of this three-piece

calibration curve is estimated to be 5% over the range of 0 to 15

GPa, decreasing above 15 GPa to about 10% over the range of 30 to 125

GPa. On the basis of present evidence, the same calibration curve applies

to the unloading response of manganin, with an estimated accuracy of
:E 10% over the entire range and an additional constant error term of

+ 0 to 3 GPa. The constant error term is a reflection of the observed

hysteresis, the 'prmat" resistance change of a nianganin gage after

unloading from high dynamic stress.

Discussion

The piezoresistance of tuanganin appears to be remarkable well

behaved over the entire dynamic stress range of 0 to 125 GPa, for both

loading and unloading. Although a more accurate calibration in the

high stress region would be dealirable, the mnganin gage is nw suffi-

ciently well developed for practical us* in the study of complex phenomena

such as dynamic phase transitions. over the stress range to 125 OPa.

We note that Murri and his coworkers have used in-material Lagrangian

arrays of manganin stress gag*s to obtain loading And unloading paths,

(in the prossur*-voluae plane) for quartz, feldspar, and dolomite rocks

over the stress, range to about N0O&a. It now soeem possible to extend

the liagrangian gage technique.,to muchb igher stresses, provided that the..

matorlils of Interest do not beome excessively good electrical conductors
* under shock compression.

IIn interpreting -the results oery-high-sitress anganin gage
measurements, the greatest uncertainty is associated with the possibility

*of shunting (mie to stock-induced conductivity effects In the surrounding

material. This uncertainty can be greatly'reduced by using two gages,

geomerically Similar but diffortn in Initial impedance by about a

factor -of two*. in ech gpie plane Of a Lnmumterial gage experiment. Any

__4
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-' .difference in gage response would serve as a basis for estimating the

shunting correction. It must also be noted that we interpret our

successful use of 0.05-ohm manganin gages as an indication that gages

of even lower initial impedance, perhaps as low as 0.005 ohm, should be

tried.

'33
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III MUTUAL-INDUCTANCE PARTICLE VELOCITY GAGE

The mutual-inductance particle velocity gage has been extensively

developed for use in a low-stress (0 to 2 GPa) environment. The gage

is currently in laboratory use and it has been successfully used in the

field in the Essex, Mixed Company, and Pro-Dice Throw programs.

The gage consists of interleaved primary and secondary windings

imbedded in an insulating matrix. The primary winding is energized by

a constant current prior to stress-wave arrival. On stress-wave arrival,

the length of the gage changes and the mutual inductance therefore

changes, with the result that a signal is generated in the secondary

winding. Particle velocity u and signal voltage E are related through

the equation

E - (M I/L) u

where M is the mutual inductance, I is the current in the primary,

and L is the gage length.

To adapt this gage to the very-high-stress region (100 OPa), a

primary requirement is that the gage be imbedded in a material that

remains a reasonably good insulator at such high shock stresses. If the

environment is noisy, shielding will be necessary, and it is important

to determine the sensitivity of the gage to a nearby moving conductor

(the shield).

A prototype gage was constructed, using a fused silica insulating

matrix. Fused silica remains a good insulator up to very high shock

stress. The design is Illustrated in Figure 9.

For the experiment, we used a staard aluminum gas gun projectile,

moditied by the addition of a 61-rn-long solid Lucito head extension to

34.
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14which was attached a 6.4-rn-thick Lucalox (Al 20 3ceramic) head. This

projectile, accelerated by maximum helium pressure (41 GPa) in the SRI

63 mm gas gun, impacted the fused silica gage package at a velocity of

0.773 km/s. Using available liugoniot data for fused silica and for

Al 20 3ceramic, together with the measured impact velocity, we calculated

an impact stress of 7 GPa and a particle velocity in the fused silica

of 0.60 km/s. Analysis of the gage record (Figure 10) yielded a peak

particle velocity of 0.55 km/s, about 8% below the predicted value.

Possible errors in either the prediction -r the analysis of the record

are large ena.4gh to account for the discrepancy.

In a previous test of this gage package we usod a special non-

conductive gasn gun projectile because we feared that the response of

the gage would be perturbe~i by the proximity of a rapidly moving

cnductar. Our failure to obtain data In that experiment vas attributed

to projectile breakup during acceleration. Since we Wi not wish to be

sidetracked by problems of noncotiductive projectile development, we

simply added a nonconductive extension to a standard aluminu projectile

for the second experiment. We did not know how long the extension had

* to be, to avoid perturbation of the gage response by the aluminta

portion of the projectile. 1towever, since attainable impact vtrocity

decreases with increasing projectile mass, maximum iapact velocity *at

a conflicting requirement. The 51-"m length chosen was a caproaise

value, based on experience with loop..type electromagnetic particle

velocity gages. We therefore used an additional oscilloscope to monitor

the gage output during projectile approach. We *ore able to observe no,

signal attributable to perturbat ions by the conductive portion of the

projectile. -The first signal observed corresponds to the expected

arrival of the street wave at the gage.

It appears that the applications of the uatual-Anduetace gage are

not a restricted as we had fonserly teared. ta this experiment, a

36
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separation of 51 mm was sufficient to isolate the gage from perturbations

by a conductor moving at 0.77 km/s. It should be practical to develop

shielding techniques to permit use of the mutual-inductance gage in an

electrically noisy environment.
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IV HUSKY PUP DEBRIS COUPLING EXPERIMENT

The Huskcy Pup Debris Coupling Experiment (DOE) was motivated by

the neee to test the accuracy of computational modeling of the shock

wave produced by the impact of debris accelerated by a nuclear explouion.

In essence, the problem was to design a practical physical experiment

that would also be simple and unambiguous, from a computational view-

point. The experimeiat chosen was the impact of device-accelerated

debris on a surface of a large block of homogeneous material, Trans-

ducers within the block would provide data on shock-wave parameters for

comparison with computational results. The block had to be large, so

that neither the transducers nor the computation would be affected,

over the times of interest, by shock-wave interactions originating at

lateral material interfaces.

The largest size block compatible with tunnel dimensions of the

Husky Pup experiment would be a cylinder about 8-feet (2.4 m) in diameter;

with this maximum diameter, a length of 10 feet (3 m) would be sufficient.

Granite waa chosen as the matwrial for the block because it met all of

the experimental'require*ments And was much less costly than alternative

materials such as metals or glasses. To minimize fabrication coits,

th. cylindrical cross-section was approximated by an octagonal shape,

8 feet (2.4 a) across the flats.

The centcer of ane end of the granite quasi-cylnder was to be

iapacted by the dtbria., Flat-bottomod hol*#,'-4 inches (0.1 m) and 8

inaches (0.2 a) diameter, wets core-drilled from the other end of the

quasi.'cylinder with their axos directed toward the working point.

Aluminum-shiolded core assemblieos, contai~ing various In-granite i1hook-

wav tansuc w wro to be placed Ia. the#* hplos. An esential aixperi.-

meital requirmisnt was that the ',shock. .piOpatiol%. characteristics of
t he, cor& Assamblios match the, stirroUnding granite'as closaly as possible.



SRI was initially committed to design, fabricate, test, and field

six manganin stress gages in the Husky Pup DCE. We actually fielded

six active manganin stress gages, one background (unpowered) manganin

gage, and one aluminum temperature gage. Despite power supply failure,

apparently the result of preshot flooding of the power supply alcove,

excellent shock-wave time-of-arrival data were obtained that complement

the time-of-arrival data obtained by the other DCE experimenters. These

time-of-arrival data, together with available equation-of-state data on

granite, indicate that actual stresses at various propagation distances

were approximately double the computationally predicted values.

It must be noted that the DeE was an add-on to a previously planned

and tightly scheduled nuclear experiment. Planning of the DCE took

place concurrently with the laboratory development of the experimental

techniques that were used; improvements in the design of the DCE were

being made within 2 months of the scheduled Husky Pup execution date.

In this section we initially discuss the laboratory studies that were

performed in support of the design of the DeE. These studics were:

measurement of granite resistivity at high shock stresses, in-granite

manganin gage experiments, and EMP simulations to test shielding designs.

We then discuss gage system design and construction, fielding, and

experimental results of the DCE.

Laboratory Measurements

Granite Resistivity at High Shock Stresses

Two experiments were performed to measure the electrical resistivity

of Raymond granite at high shock stresses. Granite samples 2 - thick

by 20 mum square were mouted On the copper base plates of Experiments

3654-1-3 and 3654-1-4. Each sample was backed by an anvil made up of a

copper ectrode 3.1 mm In diamter surrounded by a close fitting Lucalox

ring 12 N OGD. In order to avoid air-filled spaces, which would Ioniz
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under shock loading, the assemblies were bonded with 0.01-mm-thick

layers of Homalite 1100 epoxy. A 1-ohm viewing resistor was connected

in parallel with the sample--i.e., between the base plate and the rear

copper electrode. Prior to shock arrival at the sample, a constant-

current pulse of about 5A was passed through the resistor, and the

voltage across the resistor was monitored with an oscilloscope. A

substantial decrease in the resistivity of the granite sample would

produce a voltage decrease due to shunting of the 1-ohm resistor.

The experiments were designed to measure sample resistivities

over the range of interest for gage design purposes, from about 0.02 ohm-

cm to about 100 ohm-cm. For values outside that range, we obtain only

upper or lower limits. One may note that if the sample resistivity

at pressure exceeds 100 ohum-cm, the shunting of in-material manganin

gages will be negligible, for any reasonable gage design. For sample

resistivities below 0.02 ohm-cm, the gages will have to be insulated

with some other material.

Excellent records were obtained in the two experiments, with

copper-base-plate stresses of 150 GPa and 95 GPa. Because of the lower

shock impedance of granite, relative to copper, the initial shock

transmitted into the sample was less than half the base-plate stress,

but the granite approached stress equilibrium with the base plate via

successive shock reflections frum the anvil and the base plate alter-

natively. It should be noted that the internal energy increase

associated with a peak stress reached ,,ia reflected shocks will general-

ly be lower than the internal energy associated with a peak stress

reached via a single shock. Voltage decrease steps on both records

could be time-correlated with the arrival of the first shock at the

rear electrode and/or arrival of reflected shocks at either the base

plate or the rear electrode. The resistance of the shunt path through

the sauple is calculated from the voltage ratio, and a raw resistivity
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is calculated by assuming that the sample area is equal to the area

of the rear electrode, and that the sample length is equal to the

initial sample thickness. The raw resistivity can be corrected for

the decrease in sample thickness due to shock compression and for the

fringing-field effect. We can also estimate the magnitude of the

correction that results from our use of epoxy to bond the assembly.

Keeler has stated that epoxy becomes a good conductor above about

30 GPa; we interpret this to imply a resistivity below 1000 ohm-cm.

We measured the resistivity of epoxy to be about 2 ohm-cm at 70 to 80

GPa in a reflected-shock experiment. In the granite resistivity experi-

ments, the epoxy correction is negligible, provided that the epoxy

resistivity is in the range of 1 to 100 ohm-cm at the pressures of

interest. If the epoxy resistivity is as high 1000 ohm-cm at pressure

(which we consider highly unlikely), it has the effect of a 10-ohm

resistor in series with the granite, and our inferred granite resistivi-

ties err on the low side. If the epoxy resistivity is substantially

lower than the granite resistivity at pressure, the area of the rear

electrode is effectively increased, and our granite resistivities err

on the low side. In Table 2 we include an estimate based on reasonable

extremes of epoxy behavior.

In-Granite Gage Experiments

Experiments with in-granite manganin gages were initiated as soon

as it became evident that granite would probably be used in the Husky

Pup Debris Coupling Experiment. Initially we used Bradford granite,

because it was on hand, but Raymond (Husky Pup) granite was used for

the later experiments, The major purpose of these in-granite gage

experiments wa2 to provide us with information and experience applicable

to the design of in-granite gages for the Debris Coupling Experiment.

Accordingly, most of the lu-granite gage experiments were add-on to
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gage calibration experiments. In general, the uniform stress region

of a base plate was reserved for time-of-arrival pins and calibration

experiments; the less uniform (but higher peak-stress) region was used

for the in-granite gage assemblies.

The first in-granite gage records were extremely noisy. Since

the onset of the noise coincided with shock arrival at the granite,

about 300 ns prior to shock arrival at the gage plane, we inferred the

noise to be piezoelectric, ascribable to the compression of quartz

crystals present in the granite. Our initial approach to the noise

problem was to increase the gage viewing current, thereby increasing

the signal and the signal-to-noise ratio. Subsequently, when it

became apparent that transformer coupling would be necessary in Husky

Pup (to make the transition between 100-ohm RG-22 and 50-ohm RG 331),

we tested a commercial off-the-shelf transformer in an in-granite gage

experiment. Despite an impedance mismatch (the transformer was designed

for 75-ohm and 124-ohm cable) the transformer worked very well and also

served to filter out most of the piezoelectric noise. Accordingly,

custom transformers were ordered for Husky Pup use. Additional tests,

including some dedicated experiments with long pulse duration explosive-

in-contact geometries, were performed to test the longer-torm surviva-

bility of various gage geometries and to test the performance of the

prototype Husky Pup gage system under simulated field (long cables)

conditions.

In the course of these in-granite gage experiments, we observed

an apparent anomaly in gage response at stresses in granite above an

estimated 60 OPa. Although the in-Vistal gage records on the same

base plate were clearly flat-topped, in accordance with the stress wave

* shape expezted from flyer-plate impact, the in-granite records indicated

a triangular stress wave shape. These in-granite records could be

interpreted as the result of shunting, the result of gage placement in
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a nonunifrom stress region, or the result of stress relaxation caused

by phase transformations in the granite.

In the final tests of in-granite gages, the uniform stress region

rof the base plate was used. Time-of-arrival pins (for stress calibra-

tion) and in-Vistal gages were also placed in the uniform stress region.

Each granite assembly contained a Lagrangian array of three 0.05-ohm

gages (identical in impedance with Husky Pup gages). The experiments

also served as a test of the Husky Pup field power supplies and custom

signal transformers. Two base-plate assemblies, each of which contained

stress calibration pins, and one in-granite Lagrangian gage experiment,

were shock-loaded by replicate flyer-plate systems. On the basis of

the base-plate stress (determined from the pin records) and existing

Hugoniot data for granite, one could predict flat-topped stress records,

with the manganin resistance change corresponding to a peak stress of

65 GPa, and with no attenuation of peak stress over the wave propagation

distance spanned by the gage planes.

In both experiments the gage records obtained differed substantially

from these predictions. The stress waves were not flat-topped, the peak

stress inferred from the manganin resistance change was 80 GPa, and peak

stress attenuated sharply with distance of wave propagation into the

granite. The in-Vistal records did show a flat-topped peak of the

predicted duration.

We iuterpet these results in terms of the phase transition behavior

of quartz and feldspar, major constituents of Raymond granite. The

granite shocks up to a metastable state and begins to transform to

denser phases, resulting in the observed stress relaxation. We infer

that currently accepted Hugoniot data for granite (and perhaps for other

rocks, as well) may be significantly in error in the stress region above

about 50 OPa. The discrepancy between our results and earlier work is-
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ascribable to the rapid attenuation of the shock in granite, a phenomenon

that was not easily measured before the development of in-material stress

gages.

In terms of the internal energy increase of the shock-compressed

material, we conservatively estimate 20% higher values than would be

predicted from earlier Hugoniot data, assuming the same stress-wave

input (corresponding to our experiments) for both estimates.

EMP Simulations

To minimize shunting by shock-induced conductivity of the granite,

it was necessary to use manganin gages of very low impedance (0.05 ohm)

in the Husky Pup experiment. Viewing current was to be limited to about

2
20 A to avoid excessive I R heating of the gages. Anticipated manganin

resistance changes at pressure were of the order of 200%, and the corre-

sponding signal would be about 2 V. Effective EMP shielding of the

system was therefore critical.

A simple mockup of the gage systom was-constructed and tested in

a simulated EMP environment. These tests were designed and performed

by Art Whitson and Robert Bly of SRI's Electromagnetic Science Laboratory.

Although the primary purpose of these tests was to discover and correct

any weaknesses in the design of the gage system, the tests also provided

t excellent training for the personnol who would install the field system.

i The EMP was simulated by a triggered capacitor discharge into a

terminated transmission line, .one leg of which consisted of the mockup

of the proposed gage system. Crucial elements of the mockup (gage

placement and layout, shield placement, cable types, signal transformer,

J =and power supply) were identical with the- field system. Granite was

A•- ..conservatively modeled by styrofoam, and cable lengths were necessarily

much. shorter than field lengths, but these differences did not affect

th. validity of the siaulation. Capacitor voltages of up to 50 kV were
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used to drive currents up to 600 A in the outer shield of the mockup,

and voltages induced in the gage circuit were monitored through the

output of the signal transformer.

These tests disclosed the need for additional shielding of the

power and signal cables in the region between the granite block and the

power supply. The added shielding of a double layer of copper braid

surrounding the power-signal cable pair for each gage performed well in

the simulation tests and was used in Husky Pup.

These tests also disclosed the vulnerability of the power supply

enclosures to RF penetration via the ac line and via control and status

indication cables. Robert Oly designed an appropriate system of filters,

surge arrestors, an isolation transformer, and a power contactor to

harden the ac line entry. Hardening of the control and status indication

cables (or power supply redesign) did not appear possible within the

available time before Husky Pup execution. The only apparent solution

was to disconnect these cables during the period of last possible access

to the power supply alcove. It would also be necessary to disable the

power supply crowbar circuits at this time. No further tests of the

gage system would be possible prior to the actual experiment, for without

the crowbar circuit, which limits the length of the current pulse through

the gage, the gages would be destroyed in dry runs. Furthermore, there

would be no way of determining whether the power supplies were operative

immediately prior to the execution of Husky Pup.

Gage System )esign and Construction

The essential components of the system were four-terminal in-granite

gages (seven manganin piezoresistive stress gages and one aluminum-

resistance temperature gage), down-hole power supplies, recording instru-

sent*, cables, and shielding. It was necessary to use very-low-impedance

mangasin gages in order to minimize shunting due to shock-induced
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(and perhaps also radiation-induced) electrical conductiviy of the

granite. Four-terminal measurements were necessary, as opposed to

two-terminal measurements, in order to accurately measure the resis-

tance changes of the low-impedance gages. Because of the limited

number of up-hole cables available, it was necessary to put the power

supplies in an alcove near the Working Point, thereby reducing the

number of required high-quality up-hole cables from 32 to 8.

The severe EMP environment necessitated exceptionally good

shielding, combined with the highest possible signal levels. In a

four-terminal resistance measurement, the voltage output is IR, the

product of the gage resistance and the viewing current, but the heating

2
effect of the current is proportional to I U. Since the manganin gage

would be subjected to a large temperature increase on shock compression

and a temperature increase due to radiation, we arbitrarily decided to

2
limit the additional I R heating to the amount that would produce a

100 C rise over 200 ws. This limit corresponded to a viewing current

of about 20 A, and the expected resistance-increase signal at 100 OPa

(one megabar) would be about 2 V, for a manganin gage having an initial

resistance of about 0.05 ohm.

The basic requirement for the power supply was that it supply a

constant current of 20 A for a period of about 200 us. 1te power

supply must be triggerable, so that the current pulse can be started

at a predetermined time before arrival of the stress wave at the gage.

To permit test pulsing of the gage, one needs a "crowbar" circuit to

shut off the current pulse before the gage is destroyed by *xoessive

heating. In the actual experiment, however, the crowbar is unnecessary

and is preferably disconnected, to ensure that the current pulse is not

shut off prior to strens-wave arrival at the gage.

4.
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A simple capacitor-discharge system, essentially a modified version

of the standard manganin gage power supply developed at SRI 12 years

ago, was designed to meet the power supply requirements. A simplified

diagram of the gage system is given in Figure 11. The power supply is

basically a charged capacitor in series with a switch (SCR) and various

resistances, including the gage resistance. The capacitor has a value

of 1000 .LF and is charged to 500 V; the sum of the series resistances
-2

is about 25 ohms. With an RC time constant of 2.5 x 10 s, the initial

20-A gage cuLrrent decays by only 17 over a period of 250 jis, assuming

that the series resistance remains constant. The series resistance is

composed of a 20-ohm ballast resistance, a 3.4-ohm cable resistance

(over the run between the power supply and the granite block), the

0.05-ohm gage resistance, and about 0.2 ohm for the resistance of the

gage leads in the granite block (from the gage plane to the rear of

the granite block). We can neglect the shunting effect of the signal

circuit resistance (> 100 ohm) in parallel with the gage resistance.

Upon stress-wave arrival the resistanc, of the gage element will

increase by about 220% for 100 OPa (one megabar). The manganin portion

of the current leads (about 0.05 ohm in the gage plane) will increase

in resistance similarly. The manganin leads are welded to copper toil

leads that will be progressively shock-heated as the shock propagates

throuth the t*anite. As a result of the shock heating, the copper

leads will increase in resistanco by 300 to 400. Since we wanted to

continue recording manganin resistance over about 10 oa after shock

arrival, the khang. in resistance of the copper leads in the region

near the gage had to be considered. We minimized the effect by

keeping the copper foil lead resistance low (about 0.02 ohm) over the

region between the gage plane and a transition plan' about 10 ca down-

streas, where the foil leads were Joined to #16 copper wire lsads, which

ran to the rear of the grante block. Although gage failure was expected
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to occur before the shock reached the transition region, we must note

that the #16 copper wire leads (about 0.08 ohm initial resistance)

would be subject to radiation preheat and could possibly double in

resistance over the period of time between nuclear zero and shock wave

arrival.

The total of these resistance changes is small--less than 2G of

the initial series resistance of the discharge circuit--and the constant-

current conditions are not substantially changed.

The full power supply schematic diagram is given in Figure 12.

Since 1000-F capacitors of the required voltage rating were either not

available in time or were prohibitively expensive, series-connected

2000-tuF capacitors were substituted. The circuit was laid out symmetri-

cally, to minimize EMP problems. As noted previously, the ready-light

circuit and the crowbar circuit were disconnected prior to the actual

experiment. The peak capacitor voltage is regulated by a zener string;

isolation resistors between the zener string and the capacitors provide

protection against the effects of radiation-induced zener failure at

nuclear zero (perhaps a remote possibility). The temperature-gage power

supply differed only in its use of 50-ohm ballast resistors, limiting

viewing current to 5 A.

A complete power supply, including the capacitor charging circuit,

was constructed for each active gage. Mil-spec (125C) components were

used, in recognition of possible hitch temperatures in the instrumentation

alcove during grout curing, and the circuits were potted in silicone

rubber for moisture protection. The pow-er supplies were thoroughly

bench-tested and they were also use-tested in laboratory experiments

on the dynamic response of in-granite gages. The field power supply

container was a compartmented steel box, 1.6 m long by 0.4 m wide by

0.23 m deep. The box was welded from 3.2-mm-thick steel; the removable

top cover plate, also 3.2-mm-thick steel, was secured by 10-24 achine
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screws spaced 20 mm apart. Within the box, compartment covers of

1.6-mm-thick steel served to individually shield each power supply.

All welds were continuous and hole-free; closures were designed with

wide mating areas to permit bonding with conductive epoxy (in addition

to the machine screws) at final button-up. The final test of the power

supplies prior to fielding was a 60-hour burn-in (ac power on) in the

closed field container, to ensure that no overheating problems would

develop in the field.

The topology of the shielding is illustrated in Figure 13. The

granite core assemblies were shielded by closely fitting containers

welded from 3.2-mm-thick aluminum. These containers were connected

f! through a steel bellows to a large compartmented steel J-box at the

rear of the granite block. Each gage assembly within a core was

individually shielded by two layers of aluminum with a total thickness

of 0.3 mm. The aluminum shielding was bonded to 1-mm-wall thickness

copper pipe that provided additional shielding for each pair of RG22

cables over the run from the rear of the granite core into the J-box.

Over the run between the J-box and the power supply alcove, there were

two continuous layer# and one partial layer of shielding. The continuous

layers consisted of a double copper braid spun over a pair of RG-22

cables and soldered to nipplcs at both the J-,box and power supply ends,

and the outer shield (double copper braid) of each RG-22 soldered to

nipples on inner partition walls of both the J-box and power supply box.

A partial shield was provided by steel conduit welded to the J-box and

terminating in an open ena at the bypass-bypass extension intersection.

The up-hole cable shields provided continuity between the power supply

box and the instrumentation trailer. It must be emphasized that the

topology of the shielding was not violated in actual practice. All

shields were hole-free, and all shield connections were made by welding,

soldering, or large-area conductive epoxy bonds. The ac line-hardening

measures are also illustrated in Figure 13.
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The granite core assemblies are illustrated in Figures 14 and 15.

These assemblies were built up of closely fitting individual granite

pieces, bonded by Al 20 -loaded epoxy. Note that the gage and the foil

leads lie in a plane parallel to the direction of shock propagation;

this edge-on geometry gave long gage survival times in laboratory

experiments. The leads remain parallel to the shock direction and

widely spaced for about 10 cm downstream of the gage element, at which

point the lead spacing is narrowed, the leads jog, and connections are

made to #16 copper wire. The copper wire was epoxied into grooves cut in

pieces of granite. For the closest-in gages, the cross-sectional area

of the shielded region was reduced from 15.3 cm2 at the gage to 4.6 cm

at the transition to #16 wire. This reduction in shield area was made

to reduce EMP vulnerability. The shield area had to be larger in the

vicinity of the gage in order to reduce shunting through shock-compressed

(electrically conductive) granite.

The preheat temperature gage was a grid photoetched from ordinary

household aluminum foil, 0.025 mm thick, and had an initial resistance

of 0.463 ohm. This is simply a four-terminal resistance thermometer;

the change in resistance is proportional to the preheat temperature,

and the recording scheme is identical with that used for manganin stress

gages. Aluinum was used because it has nearly the same atomic nuber

as the surrounding granite and should therefore be heated similarly by

radiation. The use of aluminum, an opposed to nickel or platIntm

(conventional resistaco-thermometer materials), permits one to avoid the

problem of heat transfer between the gage and the granite, We would have

preferred to use a gage of much higher resistance, since the temperature

gage was intended to record only prior to stress-wave arrival and shunting

was not a constraint. We did try to make a higher-impedance grge, but we

could spend only one day at it (without compromising the fielding

chedu~le), and we had to accept the lower-ipedane gage,
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On the basis of preshot calculations, the temperature gage was

placed at a distance corresponding to about 250 GPa. Two manganin

gages, one of which was an unpowered background gage, were placed at the

predicted 100-GPa range. Two more gages, with high impedances of 0.305

ohm and 0.05 ohm, respectively, were placed at the predicted 80-GPa

range. The purpose of the different impedances was to provide data on

the magnitude of the shunting effect. One gage was placed at each of

the ranges corresponding to stresses of 60 GPa, 40 GPa, and about 35 GPa.

Fielding

The granite cores were installed on schedule, and the entire gage

system, from the granite block to the recording trailer, was completcd

in time for about a week of dry runs prior to MFP. No problems with the

system were encountered in any of these dry runs, including MFP. After

M.P, we disconnected the crowbar circuits and status indication cables,

and the alcove was sealed off by a grout pour.

Unfortunately, the grout pour fouled the alcove dewatering system

and the alcove completely flooded. The water rose well above the top

of our power supplies and the water pressure was estimated to have been

about 10 atmospheres (1 MPa). The alcove was subsequently reentered.

The power supply box was full of water, and the ac contactor was badly

corroded. After the water was emptied out of the power supply box and

the power supplies were dried off, the power supplies were tested, and

found in perfect working order. The potting had prevented any damage.

After replacement of the ac contactor, the entire gage system was checked

out under partial power. Since the crowbars were disconnected, we

allowed the capacitors to charge up to only 50 V (instead of the normal

500 V) before discharging them through the gages, This was a more

severe test of the triggering system than a full power discharge. The

power supply box was buttoned up again, and the alcove was sealed off,

after installation of a now dowatering system.
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Prior to Husky Pup execution, the alcove flooded again. The

evidence relating to the water depth in this second flooding is contra-

dictory. If one believes the water level gages, the depth did not

exceed 3 feet. If one believes the manganin gage power supply status-

indication lights (the terminals in the alcove were disconnected from

the power supply but still "live"), the maximum water depth exceeded

4 feet.

Results

The recording instrumentation functioned perfectly, but the gage

power supplies did not trigger. However, we obtained excellent time-of-

arrival data from the piezoelectric signals produced by shock compression

of the quartz crystals in the granite. One of the noise records is

shown in Figure 16. For comparison, we show a record of a laboratory

experiment with an In-granite gage Figure 17. This experiment was a

test of the Husky Pup gage system: a Husky Pup power supply, custom

signal transformer, a O.05-ohm gage nearly identical to a Husky Pup gage,

and granite cut from the Husky Pup Raymond granite block. The noise

I in this laboratory experiment began at the time of shock arrival at the

granite, about 300 ns before shock arrival at the gage. Since the gages

in Husky Pup were individually shielded, the first piezoelectric noise

should appear after the shock wave enters the shielded region. In our

experience with in-granite gages in laboratory experiments, the noise

pickup invariably begins before the shock wave reaches the gage plane.

4 In Husky Pup, the manganin gages were located - 1.5 cm behind the shield.

In essence, there is a 1.5-om uncertainty in the position of the shock

front at the time of the first appearance of piezoelectric noise In our

Husky Pup records. The time-of-arrival (TOA) data are listed in Table

These data complement the T'OA data obtained by the other granite

block experimenters and confirm that peak stresses at various propagation
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Table 3

GRANITE BLOCK TIME-OF-ARRIVAL DATA

Distance from Front of
Granite Block, Measured in
Direction of Core Axis

(cm) Time of Arrival
Shield Gage After Nuclear Zero

Channel Core Position Position ()

308 0.1 I m (temp. gage) 98.6 98.9 < 27.0

301 0.2 m 134 135.4 53.9

302 0.2 m 134 135.4 53.4

303 0.2 m 145.4 146.9 62.7

304 0.2 m 145.4 146.9 63.0

303 0.2 m 159.4 160.9 75.7

306 0.2 m 180.4 181.9 94.7

307 0.1 M 184.0 185.4 98.4

I
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4 distances were about twice as high as pre-experimen. predictions.

Because of this gross error in prediction, only one of the manganin

gages (the predicted 35 GPa) was actually located in the stress region

below 100 GPa, the maximum stress at which we expect in-granite manganin

gages to work. If the power supplies had triggered, the remaining gage

records would probably have yielded only time-of-arrival information,

albeit without the 1.5-cm uncertainty of the present data.

The EMP shielding measures were effective. In the manganin gage

records, EMP noise levels had decayed to less than one volt in six of

the seven cases (the seventh had a 2 V level) by the time of shock arrival

at the gage (ranging from 50 to 100 us after nuclear zero).

The EMP noise was quasi-sinusoidal, with a period of about 10 as.

The expected stress signals, based on preexperiment calculations, would

be essentially triangular, rising within 1 Lw to a peak of about 2 V

and decaying toward initial levels over about 10 us. Because of these

essential differences between the noise and the expected signals, the

signals wou 1 have been clearly discernible. If the power supplies find

triggered and if the stress levels had been in the prcdicto4 range, the

observed EMP noise would not have seriously degraded the accuracy of

peak stress measurement.

tn the temperature gage record, the noise levels are comparable

with te expected signal level. because of the character of the expectedI signal (a gradual rise from 2.5 V to about 7 V over 30 us), It is doubtful

that good temperature data would have been obtained even It the power

supplies had triggerd&.

1)1scuslon

It is not possible to deteftine why the power supplies failed to

trigger. The sme signals successfully triggered oscilloscopes in the

recording van. The trigger *able coanetors In the .alcove may have
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been short-circuited by water several days before the shot when the

alcove flooded. More likely, however, the ac power to the power supplies

was lost, possibly by corrosion of the ac contactor points.

It must be recognized that measurements of stress-wave propagation

at very high stresses (100 GPa and above) are difficult and entail a

high risk of failure, even without the problems (large induced electric

fields, neutron, gamma, and X-ray fluences) associated with the nuclear

test environment. The results of the Debris Coupling Experiment clearly

demonstrate the feasibility of close-in measurements; the major environ-

mental problems were successfully surmounted. The manganin gaga appears

to be a useful close-in stress trunsducer, and, given advance warning,

it would be simple to build a submersible power supply. Preheat tempera-

ture measurements also appear feasible; the necessary higher signal

levels could be easily obtained, given sufficient lead time to construct

a high-impedance resistance thermometer.

The detailed plan of the DME evolved during a series of planning

meetings chaired by Dr. C. P. Knowles of RDA and attended by experi-

aenters and theoreticians from various agencies including LASL, LLL,

SAl, EC&, PI, AFWL. S, IRT, SLA, SRI, and DNA. The extreordinuty

feature of these ~eetings was the prevalling spirit of working toward

a common goal, There was tree exehang. of Ideas and criti m, all

directed toward a successful solution to the experimertal problems.

esign decisions were deferred util the last possible moment, In order

to take advantage of information gained from concurrent laboratory

experiments. The schedule was so tight that there *at little time for

the DCI experisenters to participate in lusky Pup dry runs, but it

would appear that the additional time speut in planning and in labora-

tory experlsents adequately comp noated foi the missed dry runs and

made possible a state-of-the-art nt~lear experimnt.
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Appendix

SUMMARY OF SHOCK-LOADTNG EXPERIMENTS

Flyer-Plate Experiments

In all of these experiments, flat-topped stress waves were produced

by the impact of an explosively accelerated metal flyer plate on a metal

base plate, on which gage packages were mounted. Coaxial shorting pins

were used to measure flyer-plate velocity, shock velocity in the base

plate, free surface velocity of the base plate, and planarity of flyer-

plate impact. hi. every case, the explosive was an 203 mm (8 inch)

diameter pad of PBX (plastic bonded HMS), initiated by an 203 mm (8 inch)

diameter plane-wave lens. There was a 1.5 mm (1/16 inch) air gap between

the PBX and the metal flyer (to minimize flyer-plate spall), and the

flyer plate was accelerated over a free run of 28 mm (1.1 inches) of

air. The experimental variables were PBX thickness, flyer-plate thickneap,

flyer-plate material, base-plate thickness, base-plate material, and the

gages themselves (method of construction, insulator material, etc.).

3654-1-1 102 mm-thick PBX. 4.76 mm thick type 304 stainless steel

flyer, five manganin gage packages on the base plate. Two

gagea were packaged in Vistal (fully dense Al203 ceramic),

two gages were packaged in fused silica, and one gage was

*. packaged in granite, One each of the Vistal and silica

packages was bonded by Cabal glass (2-1-9 molar ratios of

CaO, A1 203, and 8203, respectively),. The other guge packages

were bonded by Al2 0 3-filled epoxy (equal weights of Al 203

powder and Hlomalite 1100 epoxy), with relatively thick

(0.25 ) bond lines. Initial gage resistances were

0.2 ohm.
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Results: Both Cabal-bonded gages failed about 50 ns after

shock-wave arrival. The other gages worked reasonably

well, surviving through partial stress release (' 150 us

for Vistal, - 800 ns for silica and granite packages).

Pin records were not obtained because of oscilloscope

malfunction; stress in base plate is estimated (based on

explosive-to-flyer-plate mass ratio and previous experience)

at about 130 GPa (1.3 Mbar). Corresponding stresses in gage

packages are ' 45 GPa in silica, - 57 GPa in granite, and

107 GPa in Vistal. On the basis of subsequently determined

manganin calibration data, observed resistance changes are

concordant with estimated stresses, but Vistal gage response

is obviously degraded by excessive bond thickness.

3654-1-2 76 mm thick PBX, 4.65 mm thick 304 S.S. flyer, 4.27 mm thick

OFHC copper base plate, and five gage packages. Gage

packages were Vistal (two gages), fused silica (two gages)

and granite. One vistal package was Cabal-bonded, remaining

gages were bonded with Al2 0 3-loaded epoxy (- 0.25 mm bond

lines). Initial gage resistances were about 0.2 ohm.

Results: The Cabal-bonded gage failed about 100 no after

shock arrival; the other gages survived through partial

stress release. Pin records were not obtained; estimated

stress in copper is about 100 OP (I Mbar), based on explo-

uive-to-flyer-plate-mass ratio; the in-silica manganin

gages indicate a stress of about 38 GPa, implying a stress

in copper of 105 GPa and a stress in Vistal of about 88 GP&.

Resistance changes It all gages aro concordant with subse-

quent calibration results; the Vistal record was degraded

by excessive bond thickness.
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.' 3654-1-3 127 mm thick PBX, 3.05 mm thick 304 S.S. flyer, 4.66 mm

thick OFHC copper base plate, four gage packages, and two

resistivity experiments. Gage packages were granite (two

gages), Vistal, and fused silica, all bonded by Al 20 3-loaded

epoxy. One of the granite gages had a thick (0.33 mm) bond

at the gage plane; the other gages had thin bonds (0.033 mm)

including the 0.025 mm gage thickness. Reduction in bond

thickness required modification of Al 0 -loaded epoxy (31
2 3

wgt% 0.3 micron Al203 powder, 69 wt% 1100 Homalite epoxy).

Gage design was modified for lower initial resistance of

about 0.15 ohm. Resistivity samples were Raymond granite

and single-crystal MgO, backed by copper anvil-electrodes.

r Results: The in-silica gage failed on shock arrival,

remaining gages survived through partial stress release,

good resistivity records were obtained, and pin records

yielded independent mea3urement of stress in the copper base

plate of 150 1 10 GPa. Corresponding stress in Vistal was

122 * 7 Oft, and observed peak resistance change, A R/R =
0

2.05, decayed about 10% over 400 ns. In retrospect, miinor

shunting appears to have occurred. The records from both

in-granite gages were very noisy (due to piezoelectric noise),

but observed resistance charges appeared lower than expected.

3654-1-4 102 - thick PBX, 5.51 mm thick 304 S.S. flyer, 4.67 mm

thick OFHC copper base plate, five gage packages, and oe

granite resistivity experiment. Gage packages were Vistal

(two gages), fused silica (two gages), and granite, all

with thin bonds. One of the Vistal pockages was backed by. aluminum, to provide a step release point, and one of the
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silica packages was backed by PMMA (plexiglas) for step

release. Initial gage resistances were - 0.15 ohm.

Results: One in-silica gage failed on shock arrival, two

gages (one in-Vistal and one in-silica survived through

stress release, and two gages (in-Vistal and in-granite)

survived at least through partial stress release (the

oscLloscope windows did not cover the full release). A

good resistivity measurement was obtained, and excellent

pin records were obtained. Based on the pin records, the

stress in the copper base plate was 96 ± 2 GPa, and the

corresponding stress in Vistal was 80 ± 2 GPa. The shapes

of the In-Vistal records agree in detail with calculated

stress-wave profiles. The in-silica record (32 GPa) and the

in-granite record (40 GPa) are somewhat noisy but follow

expected profiles and show resistance changes compatible

with accepted manganin calibration data. The release steps

(Vistal-aluminum and silica-PUMA) yield resistance changes

that coincide with resistance changes on loading, and resist-

ance hysteresis on release to zero stress is no more than

about 5%.

3054-1-5 152 m POX, 3.05 m thick tool-steel flyer, 4.83 en thick

OFIIC copper base plate, and four gage packages. Gage packages

were Vistal backed by aluminum (for step release), copper

(the gge element was insulated from the copper by 0.1 am-

thick pieces of fused silica), aluminum-foil-shielded granite

(the gage element was insulated from the foil by 0.15 -n

thick layers of Al 20 3-loaded epoxy), and unshielded granite,

The Vistal and unshieldod granite packages had thin (0.033 m)
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bonds in the gage planes. The unshielded in-granite gage

was powered by a prototype 20-A constant-current supply and

the signal was transformer-coupled (a test of the system

proposed for use on Husky Pup). The in-granite gages had

initial resistances of - 0.5 ohm; the in-Vistal and in-

copper gages had initial resistances of - 0.15 ohm.

Results: The in-copper gage shorted on shock arrival and

the shielded in-granite gage shorted about 20 ns after

shock arrival. The in-Vistal gage and the unshielded gran-

ite gage survived through partial stress release. Excellent

pin records yielded a stress in copper of 155 + 5 GPa, corre-

sponding to a stress in Vistal of 125 + 5 GPa. The prototype

Husky Pup system worked well.

3654-1-6 127 mm-thick POX, 3.05 mm thick 304 S.S. flyer, 4.52 mm thick

OF1iC copper base plate, four gage packages. The gage packages

(thin loaded epoxy bond) were Vistal backed by aluminum

(two gages) and granite (two gages). One of the in-granite

gages was aligned with its thickness (and the bond plane)

normal to the shock front; the other in-granite gage was in

the conventional parallel geometry. In-Vistal gage elements

were initially - 0.15 ohm; in-granite gage elements were

initially '" 0.5 ohm.

Ilosults: The parallel-geometry in-granite gage failed during

stress rise; the other gages survived through partial stress

release. Good pin records yielded a stress in the copper

base plate of 150 + 10 OPa, correspondirg to a stress in

Vistal of 120 + 7 OPa. Observed gage resistance profiles

agred well with calculated stress-wave profiles.
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3654-1-7 102 mm-thick PBX, 3.85 mm thick tool-steel flyer, 4.67 -m

thick OFHC copper base plate, four gage packages. Gage

packages (thin loaded epoxy bonds) were silica-insulated

aluminum, silica-insulated copper, Vistal, and granite.

The in-granite gage had an initial resistance of 0.5 ohm,

the other gages were initially 0.15 ohm.

Results: The in-copper and in-aluminum gages shorted on

shock arrival, the in-Vistal gage survived for about 100

ns at stress, and the in-granite gage survived through

stress release. The pin records could not be deciphered,

and the in-granite record was too noisy to be useful.

The double-humped appearance and early failure of the in-

Vistal record and the "noise" in the In-granite record

can be interpreted as evidence of multiple shocks resulting

from in-flight fragmentation of the flyer plate.

3654-1-8 127 n-thick PBX, 5.33 m-thick 404 S.S. flyer, 4.74 on-

thick OFHC copper base plate, four gage packages. Gage

packages (thin loaded epoxy bond) were Vistal (backed by

alufinm), silica-insulated aluminum, and granite. The

fourth gage was in Lucalox (fully dense Al 0 ceramic)
2 3

bonded by ceramic strain-gage cement. The in-granite gage

was initially 0.5 ohm, the in-L.ua.ox gage was initially

0.2 ohm, and the in-Vistal and In-aluminum gages were

initially 0.15 ohm..

Results: All gages survived througA partial stress release;

good pin records yielded stress in copper of 105 + 5 GPa.

Corresponding stresses in Vistal (and Lucalox) and in alust-

nm were 88 + 5 GPa and 57 + 5 GPa, respectively.
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The Vistal record was flat-topped and gave a step release

point as planned. The ceramic cement-bonded Lucalox: record

showed a sharp rise to a resistance ratio in agreement with

the Vistal record. However, the rebistance rose by an

additional 257o over the next 100 ns and then remained rela-

tively constant until stress release. This additional rise

is attributed to dimpling of the gage caused by interaction

of the gage with the porous ceramic cemient. The silica-

insulated in-aluminum gage had a poor rise time (about 200 ns)

and reached only about half the expected resistance change

at stress. Shunting probably occurred.

3654-1-11 102 mm-thick PBX, 3.05 mm-thick 304 S.S. flyer, 4.95 mm thick

2024T6 aluminum base plate, two in-Vistal gages, and a three-

gage in-granite Lagrangian array. One of the in-Vistal gages

was backed by aluminum and used a 0,l5-ohm element. The

other In-Vistal gage used a 0.05-hn element. The in-granite

gag** used 0.05-ohm elements powered by Husky Pup power

supplies, and the signals were transformer-coupled.

Results., All gag** survived through at least partial *tress

release, and the Husky Pup systems (0.05-ohm gages, 20-A

power supplies, wideband signal transformer*) worked very

well. However, the records were somewhat noisy, and only

the frooesurface-volocity pin records were obtained. The

In-granite rages Indicated possible stress relaxation In

granite. The 0.05-ohm in-Viatal gage showed an abnormally

low resistance *hange at pressure; this ef fect Is ascribed

to a poorly positioned potential lead connection.
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V.3654-1-12 102 mm-thick PBX, 3.05 mm-thick 304 S.S. flyer, 49 mm

shielding around the in-Vistal gages and around the in-

granite array.

Results: All gages survived through at least partial stress

release, thie Husky Pup systems worked well, and excellent

pin records were obtained. The additional shielding resulted

in substantial noise redu.wtion, and the possible stress

relaxation in granite was again observed. The resistance

change at peak, stress was about 107v higher for the 0.05-ohm

in-Vistal gage than for the 0.15-ohm in-Vistal gage. This

result is interpreted as evidence of minor shunting.

Explosi ye-in-Contact Experiments

In these two experiments, relatively-long-tduration (but attenuating)

at.-*#& waves were produced by plane-wave initiation of a pad of explo-

sivo in contact with a metal base plate on which gage packages were

J mounted. The stress in the bass plat* was not measured Independently

of the gage measurewmts; these experiments were Intended as test of

the Husky Pup gage configuration ani recording system over longer timies

than could be obtained with flyer-plate, systems.

3654-1-0 P-6O 152 m-diameter plane-wvev Ions, 51 wa-thick PBX,

8.35 m-thick 2024 TO aluminum base plate, one, active In-

granite gage In parallel geometry. The Husky Pup power

supply and signal transformer was used and the signal was

transmitted over 400 mters, of RD-$ cable, Iii simulatiu of

j N7M recording conditions.
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I. sults' A good record was obtained; the gage survived

for 4 is before excessive lead stretch occurred.

3654-1-10 Repeat of 3654-1-9, except that the gage was in the edge

on geometry.

Results* A good record; the gage survived for 8 is before

lead stretch became excessive.

Gas Gun Experiments

These experiments were designed to test a modified version of the

mutual-inductance particle velocity gage to assess its potential for

use in the very-high-stress range.

3654-6-1 An experimental nonconducting projectile made from nylon

and syntactic foam with a lucalox head was accelerated to

1200 r/s in the SRI 102 m-bore gas gun.

Results: The projectile broke up in flight and no useul

data were obtained.

3654-6-2 A standard alwinua gas gun projectile, modified by the

addition of a $1 on-long Lucalox-faced plexiglas head

extension, was accelerated to 773 t/s in the SRI 64 am-bore

gas gun.

Results: The particle velocity gage Save an excellent record,

with no evidence of perturbation by the aluminaum portion of

the projectile.
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